ABSTRACT A liquid-metal RF shunt switch is presented that combines a dielectric spacer over the RF path with electrolyte-filled capillary troughs to facilitate low-power electrical actuation. The switch demonstrates between 20-and 30-dB isolation in the dc to 5-GHz range, and greater than 10-dB isolation from 5 to 11 GHz. This switch has between 0.2-and 1.2-dB insertion loss from dc to 5 GHz.
II. DESIGN A. CONCEPT
The switch is composed of two main components: a CPW transmission line and a polyimide channel with a polystyrene cap for the liquid metal [ Fig. 1(a) ]. The channel is placed perpendicular to the signal line, bridging the gaps between the CPW signal line and ground planes.
A shunt connection to ground is created by positioning a liquid-metal slug over the signal line and bridging the gaps to both coplanar grounds [ Fig. 1(b) ]. Repositioning the liquid metal to either side removes the connection between signal line and ground [ Fig. 1(c) ].
B. LIQUID-METAL ACTUATION AND THE USE OF A DIELECTRIC SPACER
Liquid metal is moved with the use of low-power, low-voltage continuous electrowetting (CEW). CEW creates a difference in the interfacial surface tension along a volume of liquid metal immersed in an electrolyte [12] , consequently inducing the movement of liquid metal in the direction of positive voltage (Fig. 2) . The switch is actuated with an 8-V pp square wave with a 4-V dc offset, operating at 30 Hz and a 50% duty cycle [12] . Actuating the switch with this CEW technique requires less than 16 mW while switching, and once the desired on or off position is reached the actuation signal is manually removed. A continuous electrolyte path between the actuation probes and the liquid metal is necessary for CEW, but waterbased electrolyte solutions, such as the 1-M sodium hydroxide (NaOH) solution used here and elsewhere [6] , [14] , have appreciable RF losses. When the electrolyte occupies the channel above the signal line it absorbs the RF signal, degrading the insertion loss of the switch (Fig. 3 ). An intuitive solution is to remove the electrolyte between actuations and replace the fluid when actuation is needed. However, this time-and power-consuming process requires a separate pumping operation to remove and replace the electrolyte, partially negating the benefits of using CEW.
An alternative technique was introduced in [15] , where an air bubble was used as a dielectric spacer to displace the electrolyte. However, the addition of the air bubble blocks the CEW actuation signal, so the device in [15] was pressure-actuated. This paper adapts the air-bubble concept to a CEW-actuated switch by adding narrow capillary troughs above the channel, and is an expansion on the work first reported in [14] . The troughs provide a path for the actuation signal while an air bubble resides between two liquid-metal slugs in the main channel, enabling the use of CEW. To create these troughs, an additional polyimide layer is added above the main channel (Fig. 4) . The capillary layer is wider than the main channel, creating the capillary troughs (Fig. 5 ).
C. CAPILLARY TROUGHS
The capillary troughs contain the electrolyte, but exclude the air bubble and liquid metal, creating an uninterrupted path for the CEW actuation signal through the electrolyte, while keeping the air bubble in place between the liquid-metal slugs. This is achieved through the high surface tension of the liquid metal and the capillary action experienced by the electrolyte.
Liquid metal has a surface tension between 500 and 700 mN/m [16] . Liquids with high surface tension resist an increase in their surface area in the absence of an external force. If the liquid metal were to enter the troughs at the top of the main channel, its surface area would increase (Fig. 5) . Thus, the high surface tension of liquid metal prevents it from being moved into the smaller capillary troughs during actuation, and capillary action on the electrolyte draws the liquid into the troughs preferentially over the air bubble. An air bubble introduced into the main channel then can be used as a dielectric spacer that does not sever the electrical connection between the liquid metal and the actuation probe on opposite sides of the air bubble, but displaces the lossy electrolyte.
D. MATERIAL COMPATIBILITY
Gallium-based liquid metals are reactive with many common metals [17] . For example, liquid metal will stick to a copper surface, making it difficult to move using CEW. To prevent this, tungsten wires [6] and Cr/Ni [5] have been used as switch contacts in previous designs. As chromium and nickel are two major non-iron components in stainless steels, stainless-steel pads were used as a rapidly prototyped alternative to Cr/Ni switch contacts. The stainless-steel pads allow direct metalto-metal contact between the liquid metal and CPW ground plane, in contrast to the design in [14] in which the capacitive contact between liquid metal and ground plane hampered low-frequency operation. 
E. FABRICATION
The switch is fabricated by layering materials over the CPW transmission line (Fig. 6) . First, silver epoxy is used to adhere VOLUME 6, 2018 thin stainless-steel pads to the center conductor and ground planes. Then the gaps between the CPW conductors are filled with a layer of polyimide to create a level floor, and a base layer of polyimide tape is placed over the CPW and stainless steel structure. The base layer has a rectangular hole, 2 mm × 0.5 mm, over the center conductor and cross-shaped holes, 2 mm square with arms 0.5 mm wide, above the ground planes [ Fig. 6(b) ]. The rectangle and irregular cross shapes are variations on the metastable locking notches in [6] and allow the liquid metal to contact the underlying CPW.
Guidelines for the channel design are based on [12] , [13] . The channel structure is built atop the base layer by adding 0.1-mm polyimide layers up to the desired height, H ch [ Fig. 6(c), (d) ]. The channel in the top layer of polyimide is 1.5 mm wider than in the lower layers, thus forming the 0.75-mm-wide capillary troughs running along the length of the main channel on either side. Finally, a polystyrene cap is placed on top to create the ceiling. The finished channel cross-section is 0.9 mm × 3 mm, discounting the capillary troughs, for a height-to-width ratio of 0.3. 
III. RESULTS
The final switch design includes two liquid-metal slugs and an air bubble as a switching mechanism. Fig. 7 shows the measurements of the switch in its two states. Measurements were made with an Agilent 8720ES network analyzer. An Agilent 33210A function generator was used for the CEW actuation.
In the shunt ON state, liquid metal is placed over the CPW. The S 21 measurement, shown in Fig. 7 as the solid red line, represents the isolation between Ports 1 and 2, with the results showing between 20 dB and 30 dB isolation from dc to 5 GHz, and greater than 10 dB isolation up to 11 GHz. The S 11 measurement, shown in Fig. 7 as the dashed red line, is the return loss of the switch, and is between 0.3 and 5 dB.
In the shunt OFF state, the air bubble is placed over the CPW. In this state, the S 21 measurement, shown as the solid blue line in Fig. 7 , represents the insertion loss of the switch. This is 0.2 to 2 dB (including the loss of the two SMA connectors and the CPW transmission line) from dc to 8 GHz and 2 to 3 dB from 8 to 11 GHz. The return loss in this state, shown as the dashed blue line in Fig. 7 , is between 10 and 30 dB from 0.5 to 11 GHz. FIGURE 8. Degradation in insertion loss between CPW with an empty channel, an NaOH-filled channel, and a channel with electrolyte displaced by an air bubble.
FIGURE 9.
The addition of an air bubble improves the insertion loss of this switch by an average of 1.7 dB relative to a similar CPW switch that does not use an air bubble [6] . Fig. 8 compares an empty channel, an NaOH-filled channel, and a channel with an air bubble, demonstrating how using an air bubble improves the insertion loss by reducing the amount of lossy electrolyte near the RF signal path.
Without the air bubble, the insertion loss increases by as much as 7 dB relative to an empty channel with no NaOH. Positioning the bubble over the gaps brings the insertion loss back within 2 dB of the original CPW structure (the empty channel). This combination of electrolyte with an air bubble enables repeatable CEW actuation while reducing exposure to lossy electrolyte.
A similar CPW switch design [6] that did not use an air bubble to displace the electrolyte is compared to this design in Fig. 9 . This design improves the insertion loss by an average 1.7 dB across the reported range.
The switching time is related to the speed at which liquid metal moves during CEW actuation. The 8-V pp actuation signal moves the liquid metal at 3 mm/s, comparable to CEW actuation without the presence of an air bubble [12] , taking 0.3 s/mm to change between states. The liquid metal needs to move 7.5 mm to position the dielectric spacer, with 2.25-s switching time. Scaling down the size of the switch will decrease this time.
IV. CONCLUSION
A liquid-metal switch was presented that achieves between 10 dB and 30 dB isolation across a dc to 11 GHz operating range. CEW, a low-power electrical actuation technique, was used to switch between states, and a dielectric spacer was introduced to counter the lossy dielectric solution needed for this technique. The use of the dielectric spacer reduces the insertion loss to between 0.2 and 3 dB. The 8-V pp actuation voltage is an order of magnitude less than that of typical PIN diode (∼28 V and 100 mA) and MEMS (∼30-90 V) switch dc requirements.
